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SUMMARY

Human performance data ate required for the design and evaluation of flight simulators.
This paper describes a data collection method which enables information to be collected on

1he visual behavior of pilots during flight simulation. The method described supplements
traditional data collection techniques such as pilot performance measures and questionnaires.

Eye position data are collected using a head-mounted eye tracking device which incorporates
infrared sensors to detect eye movement. A head-mounted camera displays the viewed sceneand a superimposed eye position locator onto a video screen. A video recorder is used in

conjunction with a time code generator to record the data. These data are then reduced using
a computer software program that summarizes the amount of time and the number of glancesfor particular areas within the scene.

This data collection method was used to gather information on the field-of-view (FOV)
requirements for the C-130 Weapon System Trainer at Little Rock AFB, AK. Eye position data
for twelve C-130 pilots were monitored to determine the effects of a full FOV versus a limited
FOV during a low-level flight and an airdrop. Pilot performance measures indicated no significant
effects, but effects were significant for the eye position data. The eye position effects indicated
that pilots used a different visual strategy in the two conditions. Triese data show how
experienced pilots adapt to varying FOV co-ifigurations to maintain flight parameters. The results
demonstrated *he usefulness of the eye tracking system when used in conjunction with traditional
data collection methods.

A second study was performed in which the eye tracking system was employed to determine
FOV usage in the air-to-air environment. Twelve F-15 and F-16 instructor pilots performed
air to air maneuvers for various training setups. Data analysis is currently underway, but 'nitial
results indicate that the system can record eye position data in the dynamic air-to-air environment.

The major advantage of the eye tracking approach Is that it provides a direct measure of
the pilot's eye position without restricting head movement. The absence of a fixed reference
point and the labor-intensive data reduction process are two major limitations which are currently
being addressed.
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PREFACE

This paper was written !n support of the Air Force Human Resources Laboratory's current
Research and Technology Plan. The Training Technology goal for the Operations Training
Div:sion is to develop and maintain enhanced job perfoimance and combat readiness by
"idc ntifying and demonstrating cost-effective ways of developing and maintaining new skills A
specific goal is to establish aircrew Simulator Training Requirements by the application of new
simulation technologies and aircrew training system designs that will permit savings by providing
high quality training in cost-effective ways. The objective of this effort is to develop guidelines
for visual systems and users. The present effort was conducted under Work Unit 1123 32-04,
Simulator Field-of-View Requirements, by Capt Kevin W. Dixon, Principal Investigator, and assisted
by 1Lt Victoria A. Rojas, 1Lt Gretchen M. Krueger, and Capt Luke SimciK.

An oral presentation of this paper was given at the 1988 American Institute of Aeronautics
and Astronautics (AIAA): Flight Simulation Technologies Conference in Atlanta, Georgia by Lt
Victoria A. Rojas.
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EYE TRACKING DEVICE FOR THE MEASUREMENT
OF F-LIG3HT PERFORMANCE IN SIMULATORS

I. INTRODUCTION

The design and training effectiveness evaluation of simula.Jr visual systems have historically
depended upon data trom subjective questionnaires and from objective pilot performance
measures. The field-of-view (FOV) size is one important characteristic of the visual system
which is often evaluated using either or both of these methods.

The questionnaire approach uses personal opinion data to evaluate characteristics of the
FOV This approach has been used in a number of studies including Newman (1983). Randle,
Roscoe, and Petitt (1980), and Wiekhorst and Dixon (1967). Although this method is widely
used, questionnaires suffer from being subjective in nature; also, they give no indication of the
portion of the FOV being used, and they do not reveal where attention is allocated within the
visual field. For example, an evaluation conducted b Goodyear-Rediffusion (O'Neal, 1984) for
the F-15 Visual System asked 48 pilots to perform certain tasks in L 1600 horizontal (H) X 600
vertica! (V) limited-FOV F-15 simulator, rate the FOV for each task, and estimate additional FOV
requirements for tasks in which the FOV was rated less than acceptable. The results of this
study, based on pilot opinion, indicated that the evaluated visual system (1600 H X 600 V) can
substantially enhance air superiority operations training and air-to-surface operations training.
Subjective evaluations performed in this manner contribute a large amount of data; however, it
is difficult, based on this technique, to draw conclusions concerning the actual performance or
visual behavior of the pilots.

The us- oi piioi p. oriumdrn tcu iii usuceb (diiiiudJ , wrtptreUd, e'v;. I duuiiy wrwituiur mubiiiu,,s

can also be deceiving, because the pilot may use other means (instruments) to compensate
for the lack of fidel.ty of the visual system. For example, Nataupsky, Waag, Weyer, McFadden,
and McDowell (1979) conducted a transfer-of-training study using student pilots as subjects in
the T-37 Advanced Simulator for Pilot Training (ASPT) and in the T-37 aircraft. The students
learned basic contact maneuvers in one of two FOV conditions (3000 H x 1500 V, or 480 H x
360V) and were evaluated on these maneuvers during their first aircraft mission. The automated
performance measuring system and instructor pilot ratings were used for analysis during the
simulator missions, whereas instructor ratings and Individually recorded flight parameters were
analyzed for the aircraft sorties. The results revealed no significant differences in performance
due to FOV conditions.

The two approaches outlined in the preceding paragraphb give the researcher some idea
of the pilot's impressions and of the pilot's performance, but do not allow objective determinations
of the pilot's visual activity.

Continuously recording the pilot's eye position offers a data collection method to quantify
pilot visual behavior during simulated flight. Eye-tracking allows direct assessment of the visual
behavior of the pilot, and an indication of his attention allocation at any time during the mission.
Use of an eye tracking system would have increased the understanding of why the pilots in
the Goodyear-Rediffusion study rated the field of view for each task as acceptable or unacceptable.
In the Nataupsky et al. study it would have provided information as to whether or not the
student pilots changed their visual strategy during the smaller-FOV conditiont to compensate for
the lack of outside visual cues.



Ih. SYSTEM ARCHITECTURE

After a determination was made that eye position data would fill the gap between subjective
questionnaires and pilot performance measures, a suitable system to collect visual behavior
data had to be found. The major factors considered were cost, ease of calibration, comfort,
free head movement, and transportability.

The system chosen was a Modei 210 eye movement monitor from Applied Science Laboratories.
The Eye Movement Monitor employs a photoelectric sensing and processing technique to
determine magnitude and direction of eye movements. Eye illumination and sensing are
accomplished with infrared illumination to minimize distraction to the subject. The device is
attached to a headband-mounted camera (see F;gure 1).

Headband

Figure 1. Eye-Monitoring Apparatus.

The instrument is capable of measuring horizontal eye movements over a range of approximately
+/-15 degrees, with an accuracy of about 1 degree and a precision of better than 1/4 degree.
Vertical 9ye movements can be measured over a range of approximateiy +/-15 degrees, with
an c.ccuracy of about 2 degrees and a precision of better than 1 degree (see Appendix A,
System Specificationsj. The device can contain an instantaneous field of view of 30 degrees
horizontally and verticaliy, and a full 360-degree field of regard.

The video fixation point capabilities of the device present either crosshairs or a cursor
superimposed over a television monitor image of the scene being viewed by the pilot. Thevisual scene Is broken up into seven areas which correspond to thp seven window locations.

The image is captured with a video recorder and times are coded to complete the data collection
procedure. The last component of the system is Tapermastor. a video software program which
is used to analyze the data. Tapemaster captures a time code from the videotape and supplies
a definition of that time period with respect to the scene (window) being viewed. These data
are then manipulated to provide descilptive and inferential statistics. Figure 2 is a diagram of
the overall system.
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III. IMPLEMENTATION

Preliminary evaluations were conducted to ensure component compatibility and proper system

environment for the practice of setup and calibration techniques. Each experimenter requirad
Sapproximately 15 hours of training

The initial field test of the system was accomplished during a C-130 Weapon System Trainer

(WST) field-of-view study at Little Roz'k AFB. AK (Dixon, Martin, Rojas, & Hubbard, 1988). The
i• C-130 WST is a full mission simulator which provides compu~er-generated imagery for

out-of-the-window visual cues. The visual system produces day, dusk, and night scenes through
a six-window, five-channel, color cathode-ray tube display system with infinity optics. This study
investigated the effect of FOV on pilot performance for Iow-,evel flight and an airdrop in the
0-130 WST. The study was performed using two different FOV contiguratyons. The fulI-FOV
condition incorporated all six windows to provide a visual field of 1600 H by 350 V. In the
limited-FOV condition, the forward foup windows were used to provide a 1130 H by 35e V visual

field.

Two methods of data collection were used throughout the study. The first meihod
incorporated the eye tracking system to determine wheheer or not pilots' visual behavior or

performance is altered in the different FOV configurations. Automated pilot performance measures
were also collected; these included pilot control inputs and system parameters. Twelve male
C-130 pilots w~th a crew qualification of instructor pilot or aircraft commander served as subjects.
The eye-monitoring device was worn by the pilots for the duration of the simulator test flight,
which lasted approximately 25 minutes. Subjective questionnaires concerning ahe eye camera
and headband were given to each pilot at the conclusion of the test. The pilots experienced

c i i3



some slight discomfort in wearing the apparatus, but reported that it did not restrzlin head
movement or interfere with the mission.

Data from the eye position camera were encoded using a personal computer applicatiuns
program. This program (Tapemaster, Comprehensive Video Supply Corp.) enabled the specilicalion
of visual area codes (area within each window, Instruments, or other) for the visual field based
on the video fixation point (see Figures 3, 4, and 5). "Instruments" were defined as eyes
Iransitioning to the instrument panel, and "Other" was all fixatons not related to windows or
instruments. The definitions for each area were manually encoded into the computer. Once
encoded, the data were transferred to the VAX 11/780 for further analysis. The variables used
for analysis Included: time in each window, number of glances in each window, percent of
total time and glances for each window, and percent of time per glance. The results of the
study showed a significant difference in visual behavior between the full- and limited-FOV
conditions. This difference occurred in the percent of time spent looking at instruments, the
forward window, and the left window adjacent to the forward window. During the full-FOV
condition (in comparison to the limited-FOV condition), pilots spent less time looking at instrumfenls
and the forward window, but more time looking in the left peripheral window. The sinul~itor
performance measures indicated no significant differences between the two FOV conditions.

Lb eve focal noint

Figure 3. Example of C-130 Eye Focal Point (Front Window).

1 ý,3 ye focal 0@l

Figura 4. Example of C-130 Eyu Focal Point (Side Window).

4



"I,1

Figure 5. Example of C-130 Eye Focal Point (Instruments).

Experimental etforts relying solely on simulator performance measures would have concluded
that there were no differences between the two FOV conditio.is. However, the visual behavior
differences indicate that pilots are alteiing their visual strategy to maintain performance parameters.

A second field-of-view study was peiformed on the Simulator for Air-to-Air Combat (SAAC)
located at Luke AFB, AZ. The objective cf this study was to determine the field of view used
in specific air-to-air tasks, free engagements, and mutual support operations. The SAAC consists_& v r ,,-,, rrý,,,,,y,, , I.n,, ,e'a,, ,,c. that alo s the ,, t
VI LWVU I -10I -IV - 10 lLUI UI IdI IY aUGUi LUILIILL0 dlII C1 %, IIPa~ 1uipuu 11 tI1d LdL IUW LI It; L.JIU L

fight against each other or against the computer in aii combat engagements. Data on number
of glances in each window, time spent on instruments, number of transitions from each window,
and eye position relative to target position were collected. Final data analysis Is currently
underway, and the results will be published at a later date. In contrast to the relative stability
in the C-130 simulator, air-to-air combat maneuvers require a great deal of dynamic head
movement. The incorporation of the eye tracking system in this environment was a significant
step in validating system versatility and tiaxibility of the eye tracking device.

IV. APPLICATIONS

Results from the static C-130 WST •'- the dynamic F-15/F-16 tests of the eye-monitoring
system indicate that it has a strong potential for both research and training environments.
Pioposed visual training research applicatio- % include areas In workload assessment and attention
allocation. Many of these applications --quire initial research into visual behavior and its
relationship to mental processing

Investigations into such areas as pilot cross-check techniques are one of the many training
applications possible. Based on comparisons of the visual strategy of individual pilots (local
point, time spent on each instrument, etc.), recommendations for cross-check training for
inexperienced pilots could be made.

The eye tracking system could also be used for system design and evaluation. For instance,
a quantitative evaluation of the visual cues used in low-level flight can be obtained with the
eye tracking system. Such an evaluation will be extremely useful In order to optimize the
scene content in visual displays. If incorporated into research and design methodologies, the

5



eye tracking system could provide valuable Information on the eye focal point for various tasks
The advantages of the eye tracking system make it a valuable tool that can be used alone or
in conjunction with subjective and objective performance measures for valid and reliable decisions
concerning visual systems.

V. LIMITATIONS

1ne eye tracking system does have its limitations. It only reveals the eye focal point arid
does not account for visual information available and processed from the visual periphery For
example, when the pilot Is looking in a forward window, his periphery is also being s! -r ated
by the Information in itho adjacent window. Although he does not look at the adjacent side
windows as frequantly as the forward windows, he receives input from these windows. The
eye tracking data do not reveal this added information. Thus data interpretation is limited to
information within the system's visual field only.

The absence of a fixed reference point is also a limitation that at present does not allow
automation of the data acquisition and data reduction phases of the eye tracking system A
fixed reference point would allow 3 moving coordinate system to be superimposed over the
visual field. This coordinate system would allow for automatic processing of the eye position
data.

Data reduction of the recorded event is a manual process which require., approximately 2
minutes of coding for each minute of flight sirnulation. The coded data are then reduced with
a computer software piogram which produces a table of descriptive statistics. The total process
is very time-consuming and labor-intensive. For example, it took a team of three people 45'hours o t. " r," uc- the descr!ptivet•!itic fo r.., with toA1Q trial.s

VI. SYSTEM ENHANCEMENTS

A number of enhancements are p!anned for the eye tracking system. These improvements
will overcome the limitations of labor-intensive data reduction and lack of a fixed reference
point.

An automated eye tracking system Is currently being designed by ISCAN, Inc.: the Air Force
Human Resources Laboratory at Williams AFB, AZ; and the University of Dayton Research
Institute. The p'- osed system will autvmatically calibrate the system to the subject's eye io,-ai
point. Synchronized infrared light-emitting diodes (LEDs) will be placed in thu visual field and
be referenced by an X-Y traci-'ng system. The eye focal point data and the X-Y tracking data
will be correlated to determine exact position In the fie!d of view. Specially designed software
will format the data for statistical analysis. Another enhancement is the use of a wider-angle
camera to encompass more of the pilot's field of view.

The infrared LEDs and the X-Y tracker wi!i allow for a reference point to be established for
automation of the data acquisition and data reduction phases.

6



REFERENCES

Applied Science Laboratories. (1q84, May). Model 210 Eye Movement Monitor: Operation and
Service Manual. Waltham, MA.

Comprehensive Video Supply Corp. (1986). Tapemastei- 1.0: Owners Manual and Reference Guide.
Santa Ana, CA.

Dixon, K.W., E.L. Martin, VA. Rojas, & D.C. Hubbard. (1988, December). The Effects of Field of View
on Pi'3t Petlormance in the C-130 WST. Paper presented at the 10th Annual Interservice/Industry
Training System Conference, Orlando, FL.

Nataupsky, M., Waag, W.L., Weyer, D.C._ McFadden, R W., & McDowell, E. (1979, November) Platform
motion contributions to simulaZ-kr training effectiveness: Study Ill-interaction of motion with field
of view (AFHRL-TR-79-25, AD-A078 426). Williams AFB, AZ: Flying Training Division, Air Force
Humnan Resources Laboratory.

Newman, R.L. (1983). Heads Up Display Operational Problems (83A.6135). Yellow Springs, 0H;I Crew Systems Consuftants.

O'Neal, M.E. (1984, July). F- 15 Limited field-of-view visual system trcining effectiveness evaluation
(TAC 83G.066T). Langley AFB, VA: HO TAC.

Randle, R.J., Roscoe, S.N., & Petitt, J.C. (1980) Effects of magnificaiion and visual accomodation
on aimpoint estimation in simulated landings with real and virtual image displays (8 INi 17994).
Hampton. VA: Langley Research Center.

Wiekhorst, L.A., & Dixon, K.W. (1987, April). F-16 partial field of view visual system training
k effectiveness evaluation. Langley AFB, VA: HO TAC.

7


